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1 13. A ST.RACT ,, "'r '- .

Identification of seismic events detected globally at regional distances between the
source and the sensor requires a clear physical understanding of the different types
of seismic sources including mining explosions, rock bursts, mine collapse, as well
as small, shallow earthquakes. This research studies constraint of the operative
physIcal processes in the source region and linkage to the generation of seismic
waveforms with emphasis on investigating a number of modern visualization tools that
"only recently have become available with new, high speed graphical computers that can
enterthin relatively large data sets. A significant result of this work is the
visual manifestation contained in the video tape attached to this report, "Mining
Explosions as Seismic Sources". These results provide a basis for identifying the
important physical processes at the source that contribute to regionally recorded
seismograms. Tle experiment at the Grefco Perlite Mine was a seismic refraction
experiment to determine a consistent velocity and depth model in order to study the
source effects. The purpose was to measure the changes in the shock wave and the
coupling as a function of depth of burial and structural setting.

" .- ' '. • " 5 N , L : " -S~36
Mining explosions, seismic so;,pcrs, discrimination, source '
effects
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UTILIZATION OF NEAR-SOURCE VIDEO AND GROUND MOTION
IN THE ASSESSMENT OF SEISMIC SOURCE FUNCTIONS FROM

MINING EXPLOSIONS
Accesion For
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Los Alamos National Laboratory Availdbility Codes
EES-3. MS-C335 Avai andlor
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OBJECTIVE: Identification of seismic events detected under a Comprehensive Test
Ban Treaty requires a clear physical uniderstanding of the different types of seismic
sources incluoing m;nrng exiosions, rock bursts. mine collapse ann small, shallow
earthquakes. Constraint of the operative physical processes in the source reoicn ano
linkage to the generaticn of seismic waveforms with particular emphasis on regional
se:snmograrns is needed. in order to prcPerFy address the multi-dimensional asoject cf
data sets desioned to constrain these sources, we are investigating a number of
modern visualization tools that have only recently become available with new, high-
speed graphical computers that can utilize relatively large data sets. The results of this
study wil! provide a basis for identifying imporlant physical processes in the source
region that contribute to regional seismograms.

RESEARCH ACCOMPLISHMENTS: Mining explosions nave been identified as a
possible source of seismic signals that at small magnitude might have to be
drscriminated from a nuclear explosion, possibly tested in a clandestine environment. •
Many mining explosions occur each year as documented by Richards et al., 1992.
The coupling as we!l as the source characterization of these events must be
investigated in order to assess the possibie impact they might have on a monitoring
system. The source characterization studies are directly linked to attempts to
discriminate events based upon the relative excitation ot different regional phases and
the spectral content of the signals. One of the most discussed discrirnnants has been
spectral scalloping of the signals resulting from either the delay times between the
individual charges in the mining explosion or the total duration of the shot. The
literature contains many studies that attribute this poss~ble discriminant to one of these
mecnanisms \.:th no consensus on the cause (Baumgardt and Ziegler. 1988: Hedl!n et
a;.. 1989, Hedlin Et a!.. 1990: Smith, 1989: Chapman e! al. 1992'i. None of these 0

stu -Iicn made an- cirect observations of the blasts that could confirm - or deny the
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conclusions of the analysis of the regional data. In some cases, official blasting
records from the mines were available for comparison but as Stump et al, 1994 point A
out these records sometimes are in disagreement with actual blasting practices. In
addition to spectral differences. a number of authors have investigated the generation
of regional F. S and surlace waves by mining explosions and have suggested the use
of the relative excitation of these phases. Modeling to accompany ihese studies has

attempted to quantify the relative irmportance of the directly coupled energy from the
explosions, vertical and horizontal spall. the rubblization process and the three
dimensional structure of the mine itself on the resulting regional waveforms (Barker
and McLaughlin. 1992: McLaughlin eta!., 1993).

Fcllowino the work of Reamer elai. 1992 this paper reports on efforts to document
physical processes in the near-source region of mining explosions for the purooses of
unambiguously constraining the important characteristics of mining explosions that
generate seismic waves. Studies such as this in conjunction with regional
obser,.ations from the same events provide the mechanism for placing regicnal
discrimmnants on a firm physical foundation that can then be extrapolated to new
environments or locations. The recent Non-Proliferation Experiment (Denny and
Zucca. 1994) illustrates one such controlled experiment in which a combination of
near-source and regional measurements were used to exp!ore the similarities and •
differences of chemical and nuclear explosions.

Mtrninn explcsicns are designed for a variety of purposes ncluding the fragmentation
ano movemen: of materials. Tihe blast cesrgn is dependent on the particular
application intended and the material properties of the rock. The range cf mining * *
applications from hard rock quarrying to coal exposure to mineral recovery leacs to a
great variety of blasting cractices. A common component of many of the sources is
that they are detonated at or near the earth's surface and thus can be recorded by
camera or video. Although our primary interest is in the seismic waveforms these
blasts generate. the visual observations of the blasts provide important constraints
thait can be applied to the physical interpretation of the seismic source function. In 0
particular, high speed images can provide information on detonation times of
individual charges, the timing and amount of mass movement during the blasting
processes and in some instances evidence of wave propagation away from the
source. All of these characteristios can be valuable in interpreting the equivalent
seismic source function for a set of mine explosions and quantifying the relative
importarnce of the different processes. This report documents an attempt to take
standard Hi-8 video of mine blasts. recover digital images from them and combine
them wvith ground motion records for interpretation. The steps in the data acquisition.
processing, display and interpretation will be outlined. Two applications, the first a
single cylinricai charge at standard burden distances arid a smail, four-b,-fcur.
ripple-fired expicsion will be used to illustrate the techniqu ýs. •

The blasts were all recorded on a Sony TR101 Hi-8 video camera at 30 framesis and a
1.10000 shutter speed The camera was deployed approximately 100 m from the
single cylindrical charge r.arallel v,1th the free face in front of the charge. During the
ripple-filred exp!csicn. the camera w,ýas deployed approximately 250 m behind aid
above tho explosion In eacn deplcyment,. here .,as a near-by ground motion sa-nsor
for corromt,_ijon ,%ith• • he 'V'Co-.co Th-e ground motion data was acqui, r-J ,-Ah i 16-b't
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Refraction Technology Data Acquisiticn System. Terra Technology acccieronetoers
and Sprengnether S-6000 2 Hz seismometers. The focus of this discussion will be on
the video acquisition and processing as the ground motion data was processc. ,n i
stardard ways.

The raw video images were transferred to a Sony CVR 5000 laser disk using the
Siicon Graphics Inc. (SCI) Galileo Card for time-base correction, a process " hih
takes a few seconds. 150 frames (i.e., 30 fps " 5 sec) of the video were digitized
e-ýts:d' --f rea!-tme Trom the !aser ,ask aic transferred lo hard dHsk using r the G
Galileo Video card. This process produces YUV format color images each 640x486
Pixe!s for a total size of 150 MBytes. The files are converted from YUV to RGB format

.,C a-- Leigth- Enicc.e,-e E), .;Us using thý Utah Raster Th....
conversion utility (URT tools are availab!e free from the ftp anonymous login
cs.utah.edu). At this point each individuai frame of the image consist of two interlaced
fields sampled 1/60 sec apart. Figure 1 illustrates one of the inter!aced frames from
the sincle. cylindrical explosion. The fuzzy nature of the image is due to the rapid
s ceed at .%,hich the material is moving and the interlacing of two fields Sampled 1/60
sec a.oart to Produce a single video frame.

Ficure 1: Pa,,w,. interlaced video frame from the single cylindrical explosion. The frame
follows the detonation of the exolosive by 500 msec.

The frames are next ce-interlaced and interpolated into one even and cne odd tied
wh-ch reoreser.t two 'nsetances in time separaLed by 0.01667 sec. Addltlor-l conrtrast
End `mace enhorocement is performed on the de-interlaced imaces using RLE pubi;c
doma:n utilities. The marked improvement in the imace qualit,, after these steps
,ustra��� in Ficur.. 2
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Fimure 2: De-interlaced and image enhancement of the even field from the frame
displayed in Figure 1.

A~hu~hnot obvious in the sincile framnes and fields displayocd in thspa,2er. tho:
amavoc as te P .%ave arrives a! the reCordiagý shet This mrn-c-sth

:r,*ý.remr--IEtaion of the blast and so a simple correction scheme called d-ton a
tThe locio of a stationary, distant point or points .s noted in eahfrýýmo ann:

"ten zhe tielc is corrected to 'his location !o remove camera motion. The resultino'
oCr all thre frames in- the vide-o are combined to produce a represeritaion or

itf- :ai-era moition in the plane of the picture. The individual frames are thern
comr-ined and animated on the SCI to produce a digitla record of the biast at 0-011667
sec rrescluloon. An an~imated representation of tfhese i*mages v/ill be available for-

1tinal Step of the process is to combine the diaital video, images .,.,th th~e diciltal
-rcuntl motions so that one can beami to investloate the relationships betkveen h

cruomotion and the sour-ce processes as recorded by the camera. Th no rounid
-ToDr.¶ T are sunDe-mposed on the bottom of the video frame along with a vertic-al

clls that !ndioares the location in time of the w.-.aveform relative to the imaae ourrent!,,
Viewed-4 Timne correlation betw~een the video maces and the around mnotion

,eco'is is n-co ith the P arrival recora- The comoositoý animation are nex:
__ RGPc- format and sen.uencec-i one frame at a time back onto 'he ;ascra

no aso disk can then be Lis;-d o) pay 'he anir-a-tion at speeds from 30D frames
-:r n '1 2 rooýl tirne after de-inter-lacinct 'to a mani-cl frame stop mct:orvKn hv

*c"'ir-C ta a[loy to inteýractC vaitn toe an~rnation ýat z[-ou )seedýs has be ne
mos a a;crtntIsuliatin oolsz An n-xamn~le of one ýraýme from ties ornst is
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haureDe-interlaced. de-Jittered and cornoceited field fromi the sinc!e. cv'ind-;coo!
-<xDooscr,. Tie bo-tcm tw.o 4rne series are Thne recovered camera displacem.:.r~is

-~cl-rIzter no Pi3CcoSs x-agm JY-'eci. The *lop three lime series aare cou

I ;'~ irce: n te ncro;s Glacý-ed *]me S~nce the detonat'e,-r c

Th-e vco In Fri'-ur 3- oer-c~tE. tME FI '.r~ n wiiveforrns that colh h
c Xý s Cin . ri cr. =_ '-r oun rd moc*tIn co -,rE r

C nt-, t .;,US'Lr atS r- Cr C ar oF eý pd oen (ilurnu reiC n s e 3-
mer2 tr !n-ro Th.n near-soirce cmrur motuir's are co,,mpjeted many msec t~r--,I

Iri.s VaCeo lmace 1 hr imcccn s CIllustrates that there are stiil mn'd\ odm~c
:.rDxesszs takno Diace :n the source ,eQ'cn ces['te !he lack -of around mnotion, ceuiU

rcv~w ~ m~icn~z''eahe :mpF'rr anc cf "-t'il shock frocm the exT, s;-.
cecr aený-Scurce crouno,, mohncS. Theo P v.ave as It ProCiacalrms mm m
flh:2!0 nl cam r can be seýen Eus a reilectance change in the oa-utc

mnt ri rn~ -"'~~'cer\ato5 ICO~O tat"or th-e reccrdec near--cource (rcund
- !rn 'me XL'csicn phroen c!Luc_`nc Tie mat'eria, that is (:Lst out intO 0

I S; eme Cwoo a r -lIEC1~ toD :ire r'ceneaxolcsco']. if) zhis o.

t- iri''m 'rvý 'ocro is~c dcmt fis _t-v !c
X , - :x F Cr S 02 th; C~ 'C C'S fil

ii 0 7 f ~ ,ý ['' ta r
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Figure A: De-interlaced, de-jittered and composited filed from the ripple-fired
ex~losion. The around velocities and the camera are at a range of approximately 250

m from the explosion.

"" 'L' ...... '" 41"D rUCO. . ... J .EVDA ,',_S: The ut•ity of combining video records

and around motion records from the near-source region of mining explosions has
been cemonstrated. This tool provides a unique opportunity for investigating the
chysical oroperties important in generating seismic waveforms. The simple examples
Presented in this paper argue that direct shock coupling of energy from the explosion
is of primary importance in the generation of near-source waveforms and that the
materia! cast by such explosions is of secondary importance. Analysis of the ripple-
fired explosion documents the firing sequence and the cylindrical interaction of the
individual charges in the source array. Spall processes quantified by the video occur
at late time relative to the near-source motions.

Simple Hi-8 video with its improved resolution provides the starting point for this
analysis prccedure. The key to the work is the digitization of the video, the de-
interlacing, the de-jittering and the animation with the recorded waveforms: A modest
priced desk top computer such as a SGI Indigo-2 coupled with a video capture card
.rovides the basis of the analysis system. A read/write laser disk system is needed as
wvell for both the processing steps and the final assembly of the images.

This preliminary study has begun to explore the utilization of different types of data in
the interpretation of the seismic source function. Additional work with multiole
cameras intended to provide three-dimensional characterization of the source is
Planned. These imaces can be used to provide detailed temporal and spatial
quantification of material motion in the source region. These same images in
comrn:nat!on,.. with sDarsely, sampled ground motion records can be used to Provide
scme understand:na of the two and three dimensional aspects of the seismic
. .. efield. , mn., to explore the utilization of the video images as an interpola.-ino
too -etv ee', the : ort cround motion recorPS.



An imp);ortant key to these visualizations is the linking of temporal and spatial aspects
of the problem in a lnggcal way so that the scientists can interpret the imporlant
physical processes in the source. Processed video records of the tests oliscu~ssed in
this caper wid be displayed at the meeting for those interested in investigatInc !1he
ter7;poral and spatial rela tons in the video, and ground motion data sets.A
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VELOCITY MODEL AND DEPTH MODEL
OF THE

GREFCO PERLITE MINE A

Meredith Ness

ABSTRACT

A series of small-scale explosive ground motion experiments were conducted

by Los Alamos National Laboratories and Southern Methodist University in the Grefco

Perlite Mine near Socorro, New Mexico. The purpose of the experiments was to

measure the changes ii the shock wave and seismic coupling as a function of depth of

burial and structural setting. In order to understand the structural effects on the seismic

waveforms. Southern Methodist University conducted a refraction experiment at the

mine. The purpose of the refraction experiment was to determine a consistent velocity

model and depth model for the site. With a consistent structural model of the site and

explosive waveforms, the source effects can be studied. The interpretation of the

refraction data yielded a consistent velocity model with approximate velocities of 266

meters/second, 645 m/s, and 1210 rn/s. The upper layer consists generally of loose

material and was determined to be a weathered layer. The Poisson's ratios for the first

and second layers were calculated to be 0.24 and 0.16 respectively.

!
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INTRODUCTION 0
Detection, discrimination, and characterization of underground explosions are

important in the move towards the nonproliferation of nuclear wearons. As part of an

effort to understand explosion waveforms in different media, Los Alamos National

Laboratories (LANL) conducted a series of experiments to study the explosion

waveforms in perlite. Southern Methodist University (SMU) participated in recoroing

the ground motion from the explosions and conducted refraction experiments to
S

determine a consistent velocity model and depth model for the site. This report

presents the velocity model and depth model calculated from the SMU refraction data

and two previous experiments.

A preliminary refraction study was conducted by Allen Cogbill of LANL. His

data is reinterpreted and includcd as part of the data set. Also included in the data set

is the refraction data from three small-scale high explosive shots collected by the *

Geophysics Group, EES-3, LANL in conjunction with SMU (Edwards, Pearson and

Baker 1994).

This report is unique for several reasons. First, several different sources

including high stress and low stress sources were used to generate P wave and shear

wave-data. Both the preliminary refraction study and the SMU refraction s.udy used

low stress sources. The three small-scale high explosive shots were high stress

sources that were buried at depth. Second, the data set has a high resolution due to

the number of data points used. Third, two different interactive computer programs

were used to interpret the data. REFRACT was written by Craig Pearson of LANL

using MATLAB software. REFRACT is a simple program based on a one-dimensional

plane layered interpretation of the data. The second program is a commercial

soflware package called SIP (Seismic Interpretation Program). SIP is a more

complicated program that creates a 2X2-drmensional cross-sectional depth model.



SiTE DESCRIPTION .'

The experiment site is in the Grefco Perlite Mine located near Socorro, New

Mexico. The experiments were conducted in an area that has been previously mined

and is oblong in shape (Figure 1). There are two major fracture sets present on the

experiment floor (Edwards, Pearsoi and Baker 1994). The axis of the major fracture

set strikes at approximately 00 and runs parallel to the refraction line, and the axis of

the second fracture set strikes at approximately 3000. The mine floor sloped gently

downwards to the north and consisted of various sizes of perlite fragments and in situ

perlite.

S

Figure 1: Photograph of Experiment Site
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MATERIALS AND METHODS

Oiiginally the SMU refraction experiment was designed with two refrartion lines

oriented perpendicular to each other. The first refraction line was oriented north-south

and corresponds with the main instrument line from the previous sma!l-scale explosion

experimenis conducted by LANL and SMU (Figure 2). No experiments were

conducted along the second refraction line due to time conshaints.

Figure 2: Aerial Photograph of Experiment Site

3I
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Two sources were used to generate energy. A Betsy Seisgun was used for the

P wave source (Figure 3). A Shear Wave Impulse Generator (SWIG) was used to

gener-te shear waves. The SWIG is a pneumatic hammer that can be shot in two

directions to reverse the polarity (Figure 4).

Figure 3: Betsy Seisgun - P Wave Source

A- w
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Figure 4: SWIG - Shear Wave Source

It

, .

Vertical geophones (10 Hz) were used for collection of the P wave data, and

horizonta! geophones (10 Hz) were used to collect the shear wave data. The

horizontal geophones were oriented to the east at right angles to the refraction line.

The data was recorded by an EG&G twelve-channel recorder (Figure 5). For the

second set of experiments, an array of twelve geophones was connected to the EG&G

recorder. Afiter obtaining good data recordings, the geophones were disconnected

and the next array of twelve cloophones was connected. Then recordings w\'ere made

1rom the same si ot •oinl

0i
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Figure 5: EG&G Twelve-Channel Recorder

iS

S

The first set of refraction work was done on August 2, 1993. The refraction line

consisted of twelve geophones labeled A2 (array 2) and eight shotpoints (Figure 6). •

The geophones were spaced at 2 meter intervals with the first goophone 56 meters

from the 150-lb. LANL shot hole. Four shotpoints were placed both north and south of

the array. Shotpoint 1 (S1) and shotpoint 5 (S5) are 2 meters from the nearest •

geophones. All other shotpoints were placed 20 meters from the previous shotpoint

except for shotpoint 8 (S8) which is only 18 meters from shotpoint 7 (S7). P wave

experiments were conducted at all eight shotpoints, while shear wave experiments S

,r9r•. coilducted iit S1. S2 . 73 and SG

6
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Figure 6: SMU Experiment Layout from 8/2193
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Due to the preliminary analysis of the P wave and shear wave data on August 3,

further refraction work was conducted on the 4 and 5 of August. A 36 element array

with four shotpoints was installed (Figure 7). Again, the qeophones were spaced at 2

meter intervals. The first geophone is located 32 meters from the 150-lb. LANL shot

hole. Two shotpoints were placed 2 meters from the nearest geophone at the ends of

the array, and two more shotpoints were placed in the middle of the array just offset

from the geophones. The twelve center geophones, labeled A2 (array 2), correspond

to the array from August 2. Geophone locations were pre drilled (Figure 8) to improve

receiver coupling by wedging the geophone spikes into the holes (Figure 9).

Sandbags were placed on top of the geophones to reduce the amount of wind

generated background noise.

The arrival time data were analyzed using two different interactive interpretation

programs. Craig Pearson wrote REFRACT using MATLAB software. REFRACT

assumes that the layers are planar and that velocities remain constant throughout the

layers. An M file was created for both the P wave and shear wave data. Each M file

contains the range and arrival times for each shot. REFRACT calls the M file and plots

the data as range versus time for a particular shotpoint and corresponding array(s).

k ter 1he data is plotted, one determines the number of layers and selects the

crossover points between the layers. After each crossover point is identified, a line is

automatically fit to the appropriate data segment. When all the layers have been

identified, REFRACT calculates the velocity and thickness for each layer using both

intercept times arid crossover distances. This infomiation is tabulated on each plot of

arrival time data.

----- ---- ----



•i'
Figure 7: SMU Experiment Layout from 8/4/93 - 8/5/93
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10
SIP is a DOS shell program used for running seismic refraction programs

created by Rirnrock Geophysics (SIP reference). Three of the available programs

were used: SIPIN, SIPEDT, and SiPT2. SIPIN creates input data files for use in other

SIP programs (SIPIN reference). Up to five spreads can be entered for each data set.

After the spread geometry is specified, the arrival times and elevations for each

geuphone are entered by hand. The elevations were calculated from the sn,reCycd

elevations of the main instrument line from the earlier LANL/SMU experiment. Next,

the data was plotted as a time-distance plot. Then each arrival time is assigned a 1, 2,

or 3 to designate in which layer the ray bottomed. SIPT2 also allows internally

computed velocities to be overridden. Velocity override values can be entered in

SIPIN or SIPEDT forcing SIPT2 to replace the internally computed velocities with the

override velocities. Once all the data has been entered, the data file is written to disk.

SIPEDT is used for editing existing data and entering new data into the data S

files (SIPEDT reference). The data file to be edited is selected. From the SIPEDT

main menu, one can choose the part of the data file that requires modification.

SIPEDT is particularly useful because it makes the data file easy to edit without having

to create a whole new data file with SIPIN.

SIPT2 is the program that interprets the refraction data (SIPT2 reference). The

velocity for each layer is computed by regression and the Hobson-Overton method (a

least squares version of the reciprocal time difference method) if there are enough

reciprocal points. Then the geophones and shotpoints are shifted to a sloping datum

plane fitted through the geophone positions. A first-approximation depth model is

made by SIPT2. The depth model is obtained by an inversion algorithm that is based

on the delay-time method (Pakiser and Black 1957). The model is then refined by a

Cii:, at(i Iy-tracirg and model adjustmTent iteraitions. The measured arriv'l timcs and

(co1pWed arrivdl limes traced lhrounh the depth model a.re compared arid odjustlc, io

11 S
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minimize the discrepancy between travel times. The other layers are ,.ornputed in tle

same manner after the overlying layer has been mathematically stripped away. A fiinal

iteration is made through all the layers to correct for near surface anomalies.

INTERPRETATION

P Wave Data

A total of 44 P wave record sections were recorded (Appendix G). The

background noise level for all three days varied depending upon the wind and

machinery running at the mine. First-arrivals were picked by hand from the traces with

the best signal to noise ratio. Estimated errors in arrival times are 3 milliseconds,

From the first refraction experiment, arrival times were picked for shotpoints 1, 2, 3, and

4 out to approximately 60 meters. Arrival times ,-,,ere picked cut to approximately 40

meters for shotpoints 5, 6, 7, and 8. *

The data from the second experiment was generally better than the data from

the first experiment. The signal to noise ratio was higher for the second experiment.

Furthermore, the shotpoints were stationary while the array moved. This negated the

moveout effect from the first experiment. From the second refraction experiment, first

arrivals were picked out to approximately 50 meters for shotpoint 1 arrays 3, 2, and 1.

The data from shotpoint 2 arrays 1, 2, and 3 (S2A123) was much better and first

arrivals were Picked for all traces (72 meters).

Shots from two points within the arrays (S3 and S4) were anticipated to help

constrain the velocity and depth models; however, their analysis did not prove to be

particularly useful. The data from shotpoint 3 array 3 (S3A3) yielded a first layer

velocity approximately 100 meters/second slower than the data from S1A321 and

S2A123. T-he second layer velocity calculated Irorn S3A3 d;aitwas abeut 200 n,"s

12
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faster than the velociy calculated using the data from S1A321 and S2A123. The dala

from shotpoint 4 array 3 (S4A3) yielded a third layer velocity approximately 200 m/3s K.

slower than the velocity calculated from S1A321 and S2A123. •

Since the data from the second experiment tends to be better, the P wave

model is based on the interpretations of S1A321 and S2A123. Beth types of

interpretations returned similar results for the data from the second experiment. The

data from S1A321 (shotpoint 1 - arrays A3, A2, and Al) and S2A123 (shotpoint 2 -

arrays Al, A2, and A3) interpreted by REFRACT yielded the following approximate

velocities:

layer one 280 meters/second

layer two = 665 rrns

layer three = 1230 m/s.

The depth to the first refractor is about 1.5 meters, and the depth to the second

refractor is about 6.5 meters. The results for tne data interpreted by REFRACT are in *

Appendix D.

One of the advantages of SIPT2 is that the reverse spreads (S1A321 and

S2A123) could be interpreted at the same time, thus producing a more consistent

model. The files labeled as Combols and Combo in the SIP output files, produced the

following velocities:

layer one =251 rn/s

layer two 625 rn/s

layer three - 1190 m/s.

Combols and Combo both use the data from the reverse spreads S1A321 and

S2A123. The difference between the two files is that Combols combines all the

ajriays into one spread with two shotpoints (S1 and S2) and Combo uses two spreads

with on00 shotpoint each. Combo ls allow., SIPT2 to creýte a depth model usii q

13



reciprocal arrivals to compute veloci~ies. With Combo, SIPT2 computes a sepalite

depth model for each of the two spreads and superimposes thern in the depth plot.,?.

The difference between the two depth models is minimal. The depth model computed

using Combols is shown in Figure 10. Since SIPT2 can interpret undulating surfaces,

the depths to the refractors are listed in the output files in Appendix F.

Based on the models, the first layer is interpreted as the weathered layer. The

weathered layer approximately follows the topography except for where it pinches out

at approximately 14 meters from S1 (see Figure 10). The most competent perlite was

extracted from that part of the test bed indicating that this material has not weathered

as much as the surrounding material. The second layer could be due to a change in

the depositional flow banding or an overburden effect.

Shear Wave Data

A total of 47 shear wave record sections were recorded (Appendix L). The • *
shear wave data was considerably harder to interpret because the signal to noise ratio

was reduced and first arrivals were more difficult to identify. First arrivals were picked

four times to obtain the best possible arrival times. In order to help identify first arrivals,

a record section was collected from the SWIG source fired in each of its two directions

perpendicular to the refraction line. The shear arrivals for these two source

orientations were 180' out of phase. Superposition of the two record sections

provided the means for shear wave identification based on the 1800 phase change.

The last picks were used for the shear wave interpretations,

The best shear wave traces are from the first experiment (see Figure 6) which

had a higher signal to noise ratio. The SWIG was shot at shotpoints 1, 2, 5, and 6.

Shotpoints 1 and 2 are combined in a file labeled S12. and shotpoints 5 and 6 are

combined in a file labeled S56. For these shotpoints. I picked arrival times out to

appioximately 40 meters The dala sot from the second experinment contains ariival

14
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times out to about 36 meters. The estimated error in arrival time is 5 ins. Neither 0
polarity direction (east or west) consistently produced superior waveforms. This is

probably due to the highly fractured nature of the rock and anisotropy.

A .ha.mmcr was used during the second refraclion experiment (see Figure 7) as

a source for one of the records from shotpoint 2 array 1. The record section and

corresponding files are labeled S2A1 - Hammer. The data obtained from the hammer

was not very good. The shear velocities for the first and second layer were

consistently 200 m/s higher than the other calculated shear velocities.

Again, both programs returned similar results. Since the shear data from the

first experiment is better, the shear wave model is based on the interpretation of S12

and S56. REFRACT computed the following average velocities:

layer one 150 meters/second

layer two 416 m/s. * *t
The depth to the first refractor is between 1 rnetor and 1.8 meters. TIhe results for the

data interpreted by REFRACT are in Appendix J.

3
Using SIPT2, S12 and S56 were combined into two files labeled S1256 and

S161s. S1256 interprets array A2 with shotpoints 1 and 2 seperate from array A2 with

shotp,oints 5 and 6. S1 61s interprets array A2 with shotpoints 1, 2, 5 and 6
p

simultaneous!y. The following velocities were computed for both S1256 and S161s:

layer one 155 meters/second

layer two 408 m/s.

Like the P wa-e SIPT2 interpretations, the difference in the depth models of S1256

and S161s is minimal. The depth model computed using S1256 is shown in Figure

11. ;rlid the output fries are in Appendix K.

16
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P Wave and Shear Wave ResHflts

Both the P wave and shear wave interpretations are consistent with eaich other. 0

The depth to the first refractor computed by REFRACT from both P waves and shear

waves is similar. In the SIPT2 depth model plot for SHCOMBO spread 1 (Figure 12).

the same rise in the first refractor at about 14 meters from S1, which is 2 meters to the 0

left of the geophone labeled 1. is observed although it is less pronounced than in the P

wave model. The shear data also supports the conclusion that the first layer is a

weathered layer since the refracting surface generally follows the surface. The 0

Poisson's ratios for the first and second layers were calculated to be 0.24 and 0.16

respectively.

Cogbill Data

The pre',iminary refraction data collected Dy Allen Cogbill of LANL was

reinterpreted and checked for consistency with data from this study. Cogbill collected

and interpreted the data before 'he small-scale high explosive LANLSMU

experiments were conducted, and interpreted the data as a continuos increase in

velocity (Edwards, Pearson and Baker 1994). The geophones were spaced at two

meter intervals, and the refraction line was oriented north-south were the main

instruirent line for the LANIJSMU experiments would later be placed. Figure 13

compares the SMU refraction layout, Cogbill's refraction layout and the LAN L/SMU

main instrument line.

Cogbill's refraction data is interpreted here in the same manner as the SMU IP,

wave data. REFRACT computed the following average velocities:

lIjyer one - 540Q meicrs,!secornd

I.iyer t,(;. nnr , s

Iay..:.r tir. 2 r• nr .
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-•gure 11: SIPT2 Depth Model for 81256
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Figure 12: SI1PT2 Depth Model for Sheombo, Spread 1
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Figure 13: Comparison of SMU Refraction Layout, Coghi'! Refraction Layout0
and LANLJSMU Main Instrument Line
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The depth to the first refracting horizon is between 2.5 meters and 4 meters. 1 he.

results computed by REFRACT are in Appendix 0. 0

Using Cogl3c, which is a combination of data files Cog1 and Cog3, the

following velocities were computed:

layer one = 158 meters/second

layer two 738 rn/s

layer three = 1440 m/s.

The depth model for Cogl3c is shown in Figure 14. The output files for SIPT2 are ir

Appendix P.

Both sets of velocities computed from Allen Cogbill's refraction data are

approximately 200 m/s faster than the P wave velocities computed from SMU's P wave

data. Perhaps Coobill's signal to noise ratio is higher so the error on his first arrival

times is smaller. However, the interpretation of Allen Cogbill's refraction data supports

the velocity models and depth models obtained from SMU's refraction data. The

weathered layer pinches out similar to the SMU depth model; however, it occurs 20

meters closer to the LANL 150 lb. shot hole.

LANL Data

Data was also obtained from the three small-scale high explosive shots

conducted by the Geophysics Group, EES-3, LANL and SMU (Edwards, Pearson and

Baker 1994). The three shots labeled P9, P10 and P11 were respectively placed at

depths of 40, 30 and 8.5 meters in the same shot hole listed as the 150 lb. charge hole

on Figures 4 and 5. The data is from the main instrument line that runs north-south in

Figure 2. The main instrument line corresponds with the SMU and Cogbill efractiorl

lines (see Figures 13).

21
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Figure 14: SIPT2 Depth Model for Coyl3c @1
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All three shots were place A at depths corresponding to layer three. Therefore.

the velocities computed from the LANL shot data should be similar to the velocities

obtained for layer three from SMU P wave data and Cogbill refraction data. REFRACT

computed an average velocity of 1122 meters/second for layer three. The results

computed by REFRACT are in Appendix S.

In SIPT2, velocity overrides of 270 m/s and 760 m/s for layers one and two

respectively were entered based on earlier analysis. SIPT2 computed an average

velocity of 1144 mis for layer three. A file labeled LANLC was created that consisted of

one array with three shotpoints. Like the combined files in the SMU data and Cogbill

data, LANLC provides a more accurate velocity model than the three spreads (P9, P10

and P11) alone. The computed velocity for layer three from LANLC is 1143 m/s. The a

output files for SIPT2 are in Appendix T.

Since Pi1 was close to corresponding with layer two, the data was also *
interpreted with some of the data points assigned to layer two. The resulting output file

was labeled LANL P11 B. REPRACT computed the following velocities:

layer two= 641 m/s

layer three = 1150 m/s.

SIPT2 computed the following velocities:

layer two = 506 m/s

layer three = 1189 mrs.

Since velocity overrides were entered for layers one and two, there were no

depth points for SIPT2 to compute depth models for the LANL data. However, the

LANL velocity model supports the velocity models obtained from to1 SMLI refraction
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SUMMARY

The SMIJ refraction data, Cogbill data and LANL data support ýi consistent

velocity model for the Grelco perlite mine. The P wave data produce(s the following

velocity model:

layer one 266 meters/second

layer two 645 rnetcrs!second

layer three = 1210 meters/second.

The data also supports a consistent depth model. The first layer varies in

thickness from 0.1 meters to 2.0 meters and represents the weathered zone of perlite.

The second layer varies in depth from 6.5 meters to 10.0 meters from the surface. The

second layer could be due to a change in the depositional flow banding or an

overburden effect.

CONCLUSIONS • B

The SMU refraction data provided a consistent velocity and depth model for the

Grefco perlite mine, and the Cogbill data and LANL data supported the velocity and

depth model obtained from the SMU refraction data. Both high stress and low stress

sources were used to generate energy for these experiments. With the exception of

Cogbil's slightly faster P wave velocities, both types of sources yielded similar P wave

velocities. The high resolution of the data set allowed a more refined depth model to

be computed and helped to constrain the velocities. Finally, both interpretation

programs calculated similar velocities. However, due to the complex structural nature

of the site tho more complex SIP program was needed to create realistic depth

models.
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RECOMMENDATIONS

The complex nature of the material and structure suggests that a more

comprehensive refraction study (including azimuthal arrays) is needed to better

understand the structural effects on the seismic waveforms. In future experiments, a

preliminary refraction study should be conducted to obtain preliminary velocity and

depth models needed to help design ground motion experiments. Later, a refined

refraction study (based on the preliminary refraction study) should be conducted to

further refine the preliminary velocity and depth models.

In all refraction studies, digital data should be obtained rather than analog. The

digital data can be processed in several ways after the refraction study is finished

unlike analog data. Interpretation programs like REFRACT and SIP should be used in

conjunction when doing preliminary interpretations of refraction data. When

interpreting refraction data from secondary refraction studies, programs capable of

producing more complex depth models like SIP should be used.

Refraction studies should always use both P wave and shear wave data. Shear

wave data can be harder to interpret than P wave data, but the use of digital data

would help to identify first arrivals. Velocity models and depth models should be

computed using both P wave and shear wave data, and the models should be

consistent with each other.

The model may later be refined by generating synthetic seismograms for the

model and comparing tiem to the actual data. Furhor refinement of the model can be

done by using surface wace dispersion to determine the shear wave velocity and

structure (Craven 1992).
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